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(54) Measuring network communication performance 



(57) Measurement packets are sent at equi-inter- 
vals from a sending unit into a network path. The probing 
packets are received by a reception unit, which meas- 



ures the packet transmission time to estimate an avail- 
able bandwidth of a network path from a parameter Q 
indicative of a correlation in the packet transmission 
time between adjacent packets. 
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Description 

1. Field of the Invention 

s [0001] The present invention relates generally to a network communication performance measuring method and 
apparatus using a plurality of probing packets (as used herein, "probing" means issuing packets over networks for the 
purpose of measurement, and the packets used therefor are referred to as "probing packets" ) to estimate available 
bandwidths of network paths, as well as to a computer readable record medium having a therein stored network com- 
munication performance measuring program, and more particularly to a network communication performance meas- 

70 uring method and apparatus ensuring an accurate estimation of path available bandwidths by use of a small number 
of probing packets, as well as to a computer readable record medium in which is stored the network communication 
performance measuring program. 

2. Description of the Related Arts 

75 

[0002] In the event of providing high degree of services such as wide area load balancing or quality controls in 
internets or other communication networks, it is critical to measure available bandwidths of network paths to grasp 
what level of performances can be provided to users. These available bandwidths may differ to a large extent depending 
on the processing performances of the communication systems used, the processing abilities of routers lying on the 
20 communication paths, the line capacities, and the amount of traffics arising from other users. Conventional network 
performance measuring methods can include a technique in which the available bandwidths are actually measured 
through sending and reception of a multiplicity of, e.g., as much as 10,000 probing packets or a technique in which the 
path performances are estimated by a direct use of delay values of the probing packets. 

[0003] However, in such a known available bandwidth actual measurement method using a multiplicity of probing 
25 packets, any excess load may inevitably act on the networks. The available band estimation method by direct use of 
delay measurement values of the probing packets may also suffer from a deficiency that the measurement errors are 
apt to become larger due to strongly affecting disturbances caused by other traffics. 

SUMMARY OF THE INVENTION 

30 

[0004] According to the present invention there are provided a method of and an apparatus for measuring a network 
communication performance, ensuring an accurate estimation of available bandwidths, through sending and reception 
of a small number of probing packets via a network, without being influenced by any disturbances due to traffics, as 
well as a computer readable record medium in which is stored a network communication performance measuring 
35 program. 

[0005] The network communication performance measuring method of the present invention comprises: 

a sending step in which a sending unit sends a plurality of probing packets at equi-intervals into a network path; 
a reception step in which a reception unit receives the plurality of probing packets; 
40 a measurement step in which a measurement unit measures transmission time T (i) from the start of sending of 

each of the probing packets in the sending step up to the completion of reception of each of the probing packets 
in the reception step; and 

an estimation step in which a performance estimation unit estimates an available bandwidth of the network path 
from correlations in difference between measurement packet transmission times T(i) measured in the measure- 
45 ment step. 

[0006] It is to be appreciated that although the reception step and the measurement step follow the sending step, 
they may be processed at the same time during the sending of the plurality of probing packets in the sending step. 
[0007] According to such a network communication performance measuring apparatus of the present invention, the 

50 network available bandwidth can be estimated by observing the correlations between the transmission times of the 
plurality of probing packets, whereby it is possible to estimate the available bandwidth, by use of a small number of, 
e.g., 100 to 200 probing packets, with a high accuracy due to lesser influence arising from other traffics. 
[0008] The estimation step includes determining a ratio of the time during which the measurement packet transmis- 
sion time exhibits a random behavior and judging, if the ratio is large and therefore the measurement packet is con- 

55 sidered to be less influenced by queuing, that the sending speed of the measurement packet is smaller than the avail- 
able bandwidth of the path, to thereby estimate the relation of magnitude in available bandwidth between the meas- 
urement packet and the path. For example, the estimation step includes finding a ratio giving 
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(P/u. - 5 + a) < A T(i) < - (P/u, - 5) 

where P (bit) is a size of the measurement packet, 6 (sec) is a measurement packet sending interval, u, (bps) is a 
s bottleneck link speed on a path to be measured, a is a constant of the order of 0.001 to 0.0000001 , and A T(i) is a 
difference in transmission time between adjacent probing packets, which is defined as ((i + 1) th measurement packet 
transmission time) - 0 th measurement packet transmission time); the estimation step including judging, if the ratio is 
large with the consideration of the probing packets being less influenced by queuing, that the measurement packet 
sending speed is smaller than the path available bandwidth, to thereby estimate the relation of magnitude in available 
io bandwidth between the measurement packet and the path. 

[0009] Avariant of the network communication performance measuring method of the present invention comprises: 

a sending step for sending a plurality of probing packets at equi-intervals into a network path, the plurality of probing 
packets being designed to reach a predetermined reception site by way of a single or a plurality of predetermined 
is node(s); 

a reception step for receiving the plurality of probing packets at the predetermined reception site; 
a measurement step for measuring transmission time from the start of sending of each of the probing packets in 
the sending step up to the completion of reception of each of the probing packets in the reception step; and 
an estimation step for estimating a relation of magnitude between a measurement packet sending speed and a 
20 path available bandwidth, from correlations between the measurement packet transmission times measured in the 

measurement step. 

[0010] In this case as well, the estimation step includes determining a ratio of the time during which the measurement 
packet transmission time exhibits a random behavior and judging, if the ratio is large and therefore the measurement 
25 packet is considered to be less influenced by queuing, that the sending speed of the measurement packet is smaller 
than the available bandwidth of the path, to thereby estimate the relation of magnitude in available bandwidth between 
the measurement packet and the path. 
[0011] Also, the estimation step includes finding a ratio giving 



30 



40 



(P/u, - 8 + a) < A T(i) < - (P/fi - 5) 



where P (bit) is a size of the measurement packet, 5 (sec) is a measurement packet sending interval, \x (bps) is a 
bottleneck link speed on a path to be measured, a is a constant of the order of 0.001 to 0.0000001, and A T(i) is a 
35 difference in transmission time between adjacent probing packets, which is defined as ((i + 1 )^ measurement packet 
transmission time) - (i* measurement packet transmission time); the estimation step including judging, if the ratio is 
large with the consideration of the probing packets being less influenced by queuing, that the measurement packet 
sending speed is smaller than the path available bandwidth, to thereby estimate the relation of magnitude in available 
bandwidth between the measurement packet and the path. 

[0012] Another variant of the network communication performance measuring step of the present invention compris- 



a sending step for sending a plurality of probing packets at equi-intervals into a network path; 

a reception step for receiving the plurality of probing packets at the same site on a network from which the probing 

packets are issued in the sending step or at the near site on the network; 

a measurement step for measuring transmission time taken for the probing packets to arrive via a path at and 
return via the path from a specific node within the network determined by the user; and 

an estimation step for estimating a relation of magnitude between a measurement packet sending speed and an 
available bandwidth in reciprocation of the path, from correlations between the measurement packet transmission 
50 times measured in the measurement step. 

[0013] Herein, the estimation step includes finding a ratio giving 



55 (P/H - 5 + a) < A T(i) < - (P - 5) 



where P (bit) is a size of the measurement packet, 6 (sec) is a measurement packet sending interval, [i (bps) is a 
bottleneck link speed on a path to be measured, a is a constant of the order of 0.001 to 0.0000001, and A T(i) is a 
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difference in transmission time between adjacent probing packets, which is defined as ((i + 1) th measurement packet 
transmission time) - (I th measurement packet transmission time); the estimation step including judging, if the ratio is 
large with the consideration of the probing packets being less influenced by queuing, that the measurement packet 
sending speed is smaller than the path available bandwidth, to thereby estimate the relation of magnitude in available 

s bandwidth between the measurement packet and the path in reciprocation. 

[0014] In the network communication performance measuring method of the present invention, the sending step, 
the reception step, the measurement step and the estimation step are iteratively carried out while varying an initialized 
transfer speed X (bps) by use of any one of bisection method, regula falsi, monotonically increasing method and mo- 
notonically decreasing method, to see whether an available bandwidth of a network path exceeds the transfer speed 

10 X (bps) to thereby estimate the available bandwidth of the path. Use of the bisection method or of the regula falsi for 
example ensures a rapid available width measurement of the order of several seconds. 

[0015] To estimate the one-way available bandwidth of the reciprocative path up to a specific node on the network, 
the network communication performance measuring method of the present invention further comprises: 

15 a first estimation step for estimating a first available bandwidth of the network path by the execution of the sending 

step, the reception step, the measurement step and the estimation step; 

a second estimation step for estimating a second available bandwidth of the network path by allowing differently 
sized packets to flow through its sending path and return path by the execution of the sending step, the reception 
step, the measurement step and the estimation step; and 
n a third estimation step for estimating a one-way available bandwidth of the network path by judging the state of 

links within the network path through the comparison of the first and second available bandwidths estimated in the 
first and second estimation steps. 

[0016] The third estimation step includes judging whether any half -duplex link exists within the network path and 
?5 whether the half-duplex link, if any, is bottlenecking therewithin; the third estimation step including, if judgment is made 
of any one of 

a) any half-duplex link exists and is bottlenecking within the path; 

b) any half-duplex link exists but is not bottlenecking within the path; and 

» c) no half-duplex link exists within the path; estimating a one-way available bandwidth of the half-duplex link. 

[0017] For example, the third estimation step includes, if a ratio between the first available bandwidth B1 and the 
second available bandwidth B2 which are estimated with the measurement packet having a size P not less than 4,993 
bits is substantially 



B1/B2 = (P + 4,992) /2P 

judging that any half-duplex link exists and is bottlenecking within the network, to thereby make a judgment that 2B1 
double the first available bandwidth B1 is a one-way available bandwidth of the path. Alternatively, the third estimation 
step includes, if 



B1/B2 *(P + 4,992) /2P 

45 

judging that any half duplex link exists but is not bottlenecking within the network path or that no half-duplex link exists 
within the network path, to thereby make a judgment that the first available bandwidth B1 is a one-way available band- 
width of the path. 

[0018] The present invention further provides a network communication performance measuring apparatus. The 
so network communication performance measuring apparatus comprises a sending unit for sending a plurality of probing 
packets at equi -intervals into a network path; a reception unit for receiving the plurality of probing packets sent from 
the sending unit; a measurement unit for measuring transmission time from the start of sending of each of the probing 
packets by the sending unit up to the completion of reception of each of the probing packets by the reception unit; and 
an estimation unit for estimating an available bandwidth of the network path from correlations between measurement 
55 packet transmission times measured by the measurement unit. 

[0019] Avariant of the network communication performance measuring apparatus of the present invention comprises 
a sending unit for sending a plurality of probing packets at equi -intervals into a network path, the plurality of probing 
packets being designed to reach a predetermined reception site by way of a single or a plurality of predetermined node 
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(s); a reception unit located at the predetermined reception site, for receiving the plurality of probing packets sent from 
the sending unit; a measurement unit for measuring transmission time from the start of sending of each of the probing 
packets by the sending unit up to the completion of reception of each of the probing packets by the reception unit; and 
an estimation unit for estimating a relation of magnitude between a measurement packet sending speed and a path 
available bandwidth, from correlations between the transmission times of adjacent the probing packets measured by 
the measurement unit. 

[0020] Another variant of the network communication performance measuring apparatus of the present invention 
comprises a sending unit for sending a plurality of probing packets at equi-intervals into a network path; a reception 
unit located at the same site on a network where the sending unit is located or at the near site on the network, for 
receiving the plurality of probing packets sent from the sending unit; a measurement unit for measuring transmission 
time taken for the probing packets to arrive via a path at and then return via the path from a specific node within the 
network determined by the user; and an estimation unit for estimating a relation of magnitude between a measurement 
packet sending speed and an available bandwidth in reciprocation of the path, from correlations between the meas- 
urement packet transmission times measured by the measurement unit. 

[0021] Furthermore, the network communication performance measuring apparatus of the present invention exe- 
cutes processings of the sending unit, the reception unit, the measurement unit and the estimation unit while varying 
an initialized transfer speed X (bps) by use of any one of bisection method, regula falsi, monotonically increasing 
method and monotonically decreasing method, to see whether an available bandwidth of a network path exceeds the 
transfer speed X (bps) to thereby estimate the available bandwidth of the path. 

[0022] The network communication performance measuring apparatus of the present invention further comprises: 

a first estimation unit for estimating a first available bandwidth of B1 the network path by the execution of process- 
ings of the sending unit, the reception unit, the measurement unit and the estimation unit; 
a second estimation unit for estimating a second available bandwidth B2 of the network path by allowing differently 
sized packets to flow through its sending path and return path by the execution of the sending unit, the reception 
unit, the measurement unit and the estimation unit; and 

a third estimation unit for estimating a one-way available bandwidth of the network path by judging the state of 
links within the network path through the comparison of the first and second available bandwidths B1 and B2 
estimated by the first and second estimation units. 

[0023] The third estimation unit judges whether any half-duplex link exists within the network path and whether the 
half-duplex link, if any, is bottlenecking therewithin; the third estimation unit, if judgment is made of any one of 

a) any half-duplex link exists and is bottlenecking within the path; 

b) any half-duplex link exists but is not bottlenecking within the path; and 

c) no half-duplex link exists within the path; estimating a one-way available bandwidth of the half-duplex link. For 
example, the third estimation unit, if a ratio between the first available bandwidth B1 and the second available 
bandwidth B2 which are estimated with the measurement packet having a size P not less than 4,993 bits is sub- 
stantially 



B1/B2 = (P+ 4,992) /2P 

judges that any half<luplex link exists and is bottlenecking within the network, to thereby make a judgment that 
2B1 double the first available bandwidth B1 is a one-way available bandwidth of the path. Alternatively, the third 
estimation unit, if 



B1/B2 *(P+ 4,992) /2P 

so 

judges that any half-duplex link exists but is not bottlenecking within the network path or that no half-duplex link 
exists within the network path, to thereby make a judgment that the first available bandwidth B1 is a one-way 
available bandwidth of the path. The other details of the network communication performance measuring apparatus 
are basically the same as the case of the method. 

ss 

[0024] The present invention also provides a communication performance measuring program. The network com- 
munication performance measuring program comprises a sending module for sending a plurality of probing packets 
at equi-intervals into a network path; a reception module for receiving the plurality of probing packets sent from the 
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sending module; a measurement module for measuring transmission time from the start of sending of each of the 
probing packets by the sending module up to the completion of reception of each of the probing packets by the reception 
module; and an estimation module for estimating an available bandwidth of the network path from correlations between 
measurement packet transmission times measured by the measurement module. The other variants and details ot the 
s network communication performance measuring program will be the same as in the cases of the method and apparatus. 
[0025] The present invention also embraces a computer readable record medium having the network commun ication 
performance measuring program stored therein. 
[0026] In the drawings: 

10 Fig. 1 is an explanatory diagram of a first embodiment of the present invention; 

Fig. 2 is a function block diagram of the first embodiment of Fig. 1 ; 

Fig. 3 is a flowchart of network performance measurement processing by use of the present invention; 
Fig. 4 shows the relation of transmission time between adjacent packets in the case where the other traffic con- 
taining measurement packet sending speed (P/5 + 1 ) is lower than the path bottleneck fink speed p.; 
Fig. 5 shows the relation of transmission time between adjacent packets in the case where the other traffic con- 
taining measurement packet sending speed (P/ 8 + 1) is higher than the path bottleneck link speed u,; 
Fig. 6 is an explanatory diagram of a region in which the parameter N(i) for the estimation of available bandwidth 
results in 1; 

Fig. 7 is an explanatory diagram of the parameter Q acquired by varying the measurement packet sending speed 
20 in the reciprocative path having 10 Mbps half -duplex link; 

Fig. 8 is a flowchart of the available bandwidth estimation processing of the present invention using the bisection 
method; 

Figs. 9A and 9B are flowcharts of the available bandwidth estimation processing of the present invention using 
the regula falsi; 

25 Fig. 10 is an explanatory diagram of a specific example, in the case of Fig. 8, of the available band estimation 

processing using the regula falsi; 

Fig. 11 is a flowchart of the available bandwidth estimation processing of the present invention using the monot- 
onically increasing method; 

Fig. 12 is a flowchart of the available bandwidth estimation processing of the present invention using the monot- 
30 onically decreasing method; 

Fig. 13 is an explanatory diagram of a second embodiment of the present invention applied to a path passing 
through a specific router; 

Fig. 14 is an explanatory diagram of a third embodiment of the present invention applied to a reciprocative path; 
Fig. 1 5 is a function block diagram of the third embodiment of Fig. 1 4; and 
35 Fig. 16 is a flowchart of the reciprocative path performance measurement processing of Fig. 15. 

[0027] Fig. 1 is a block diagram showing a first embodiment of the present invention. In the case of data sending 
and reception via an IP network (internet protocol network), the terminal ends of a path 14 are provided with commu- 
nication apparatuses 1 0 and 1 2 between which there are a plurality of routers, e.g., routers 12-1,1 2-2 and 1 2-3. When 
the path 14 between the communication apparatuses 10 and 12 is a path to be measured, a network performance 
measuring apparatus of the present invention is constituted of a measurement packet sending unit 16 provided in the 
communication apparatus 10, a measurement packet reception unit 18 provided in the communication apparatus 12, 
and a performance judgement unit 22 provided in a communication apparatus 20 placed at any site on a network 
communicable to the communication apparatuses 1 0 and 1 2. The performance judgement unit 22 of the communication 
apparatus 20 may be provided in the communication apparatus 10 including the measurement packet sending unit 16 
or in the communication apparatus 12 including the measurement packet reception unit 18. 

[0028] Fig. 2 is a function block diagram of the inventive network performance measuring apparatus in accordance 
with the first embodiment of Fig. 1 . The network performance measuring apparatus of the present invention comprises 
the measurement packet sending unit 16, the measurement packet reception unit 18 and the performance judgement 
unit 22. The performance judgement unit 22 is provided with a data collection unit 26, a transmission time measurement 
unit 28 and a line performance estimation unit 30. The measurement packet sending unit 16 sends a measurement 
packet 24 at equi-intervals toward the measurement packet reception unit 18. At that time, the measurement packet 
sending unit 16 records the time s(i) of the sending of the measurement packet 24. As used herein, i represents a 
packet sequential number, for example i = 1, 2, ... n. The measurement packet reception unit 18 records the time r(i) 
of completion of the reception of the measurement packet 24 sent from the measurement packet sending unit 16. For 
each of n probing packets sent in a single measurement, the data collection unit 26 provided in the performance 
judgement unit 22 collects data on time s (i) of start of sending of a measurement packet from the measurement packet 
sending unit 16 and data on time r(i) of completion of reception of the measurement packet. Using the data collected 
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so 
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by the data collection unit 26, the transmission time measurement unit 28 figures out a packet transmission time T (i) 
taken for the measurement packet 24 from the measurement packet sending unit 1 6 to reach the measurement packet 
reception unit 18. On the basis of the packet transmission time T(i) acquired by the transmission time measurement 
unit 28, the line performance estimation unit 30 judges whether the speed of sending of the measurement packet from 
s the measurement packet sending unit 

16 exceeds the available bandwidth of the path. 

[0029] Fig. 3 is a flowchart of processing procedures based on a network performance measurement processing 
method in accordance with the present invention, corresponding to the function block diagram of Fig. 2. First, in the 
sending step of step S1, the measurement packet sending unit 16 sends a plurality of probing packets 24 at equi- 

10 intervals to the path to be measured. Correspondingly to the sending of the probing packets, the measurement packet 
reception unit 18 receives the probing packets in the reception step of step S2. At that time, in the sending step of step 
S1 the time s(i) of start of the sending is recorded every time a measurement packet is sent, while in the measurement 
packet reception step of step S2 the time r(i) of completion of the reception of the measurement packet is recorded. 
In the transmission time measurement step of step S3, on a packet-to-packet basis the packet transmission time T(i) 

*5 in the path to be measured is figured out from the measurement packet transmission time s(i) and the transmission 
packet reception completion time r(i) acquired in steps S1 and S2. Then, in the line performance estimation step of 
step S4, it is judged from data on the transmission time of the plurality of probing packets acquired in the transmission 
time measurement step of step S3 whether the speed of sending in the measurement packet sending step of step S1 
exceeds the available bandwidth of the path to be measured. 

20 [0030] Description will then be made of a method of sending and receiving probing packets in the measurement 
packet sending unit 16 and the measurement packet reception unit 18 in accordance with the first embodiment of Fig. 
2, as well as of a method of estimating in the line performance estimation unit 30 the relation of magnitude between 
the speed of sending of the probing packets from the measurement packet sending unit 1 6 and the available bandwidth 
of the path to be measured. The measurement packet sending and receiving method is first descried. Assume now 

ss that the bottleneck link speed u. (bps) of the path to be measured is a known value. This bottleneck link speed n (bps) 
is an available bandwidth when there are no other traffics at all on the path. At a certain interval 6 (sec) the measurement 
packet sending unit 16 sends n probing packets 24 to the measurement packet reception unit 18. The sending interval 
5 (sec) is a difference between n* measurement packet sending start time and (n+1)^ measurement packet sending 
start time. AUDP packet (user diagram protocol packet) is used as the measurement packet 24. If at that time the 

30 measurement packet sending unit 16 designates the measurement packet reception unit 18 as the UDP packet des- 
tination address, then the path to be measured is usually a path determined by the routers lying within the network, of 
the path from the measurement packet sending unit 16 up to the measurement packet reception unit 18. When the 
probing packets 24 are sent by the measurement packet sending unit 16, each measurement packet is given a se- 
quence number (1 =s i ^ n). The measurement packet size is P (bit). Then the measurement packet sending unit 16 

35 records the sending start time s(i) every time it sends each measurement packet. The measurement packet reception 
unit 18 keeps its port open in order to receive the probing packets 24 sent from the measurement packet sending unit 
16. When the measurement packet reception unit 18 receives each measurement packet 24 in such a condition, it 
records the reception completion time r(i). Any time when the measurement packet sending unit 16 and the measure- 
ment packet reception unit 18 perform the sending and reception of the probing packets 24, they send to the data 

40 collection unit 26 the sending start time s(i) and the reception completion time r(i) corresponding to the packet sequence 
number i at that time. The sending of the time data to the data collection unit 26 may collectively be performed after 
the completion of the transmission of n probing packets 24. The data collection unit 26 sends the thus collected data 
to the transmission time measurement unit 28. The transmission time measurement unit 28 figures out the packet 
transmission time T(i) taken for each measurement packet to pass through the path, using 

4$ 

AT(i) = T(U1)-T(i) 

[0031] Description will then be made of the method of estimating by the line performance estimation unit 30 the 
50 relation of magnitude between the measurement packet sending speed and the available bandwidth of the path to be 
measured. The line performance estimation unit 30 estimates the relation of magnitude between the path available 
bandwidth and the measurement packet sending speed, from the measurement packet transmission time T(i) acquired 
by the transmission time measurement unit 28 and from the sending interval 5(sec) when the measurement packet 
sending unit 16 sends each measurement packet and from the bottleneck link speed p,(bps) of the path to be measured 
55 and the measurement packet size P (bit) . The magnitude relation estimating method is as follows. If the sum of the 
measurement packet sending speed P/5 (bps) and the flow rate I (bps) of other traffic is less than the bottleneck link 
speed u.(bps), that is, 
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(P/S + I) < h 

then a smaller number of probing packets can often be stored in the queue of the router resulting in the bottleneck of 
s the network, so that the probing packets may have lesser wait time within the queue. At that time, a plurality of probing 
packets are rarely inserted in a successive manner into the queue. The transmission time of the probing packets can 
vary depending on the number of packets existing within the queue upon the insertion into the queue, although if a 
single measurement packet exists within the queue at the same time, the behavior of the transmission time of each 
measurement packet will be independent and at random. 
io [0032] This behavior can be seen in Fig. 4. Fig. 4 is a graphic representation with the axis of abscissas representing 
the transmission time T(i) and with the axis of ordinates representing the transmission time T(i + 1 ) of the next meas- 
urement packet, the graph being obtained by plotting the transmission time T(i) of each measurement packet which 
has been sent at a sufficiently lower speed relative to the available bandwidth of the path. Clearly, the distribution at 
that time is symmetric with respect to the line y = x. This reveals that the behavior of the packet transmission time T 
75 (j) js at random and independent. On the contrary, if the sum of the measurement packet sending speed P/5 (bps) and 
the flow rate I (bps) of the other traffic is greater than the bottleneck link speed u,(bps), that is, 

(P/5 + 1) > u. 

20 

then the number of the packets stored in the queue of the router will increase. Furthermore, if 

(P/8 + I) > u. 

25 

and the link is bottlenecking, then there may occur a collision when the router attempts to output a packet to the link. 
The collision is a phenomenon in which any packets are not to be output since the network is busy. When there occurs 
a collision, the packet stands by in the queue for a brief period of time determined at random, after which its transfer 
is retried. For this reason, the occurrence of the collision may result in an increased waiting time of each packet within 
30 the queue of the router. The waiting time within the router queue will increase no matter whether the router is bottle- 
necking or the link is bottlenecking. When the waiting time within the router queue increases, the measurement packet 
transmission time does not exhibit its random behavior but instead the following phenomena 1 and 2 may often appear. 

Phenomenon 1: 

35 

[0033] When an i th measurement packet is inserted into the bottlenecked router queue, due to the presence of a 
large number of packets within the queue the next (i + 1)^ measurement packet may enter the queue before the i* 
measurement packet is processed for the output from the queue. As a result of this, the i* and (i + 1)th probing packets 
may be output from the queue in a successive manner. 

40 

Phenomenon 2: 

[0034] A number of traffics may intervene between two probing packets, with the result that the (i + 1)* packet 
transmission time will remarkably increase as compared with the i th packet transmission time. 
4$ [0035] In the case of the phenomenon 1 , let A Ti be the difference in the transmission time between the i th and (i + 
1) m packets, that is, 



AT(i) = T(i + 1)-T(i) 

50 

and let P/u. be the time taken for a measurement packet having a size of P(bit) to be processed by the bottlenecking 
router, then 
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70 



A T(i) = T (i + 1) - T (i) 

- (r (i + 1) - a <i + 1)) - (r (i) - s (i)) 
= (r (i + 1) - r (i)) - (s (i+1) - s (i)) 
= P//Z - 6 

will result, so that there appears a correlation between the measurement packet transmission times. 
[0036] In the case of the phenomenon 2, 

1S At (i+1) as P/n-5 

is established at all times, and hence a number of traffics intervene between the i th and (i + 1 ) th probing packets. If 

20 A T (i) > - (P/n - 5) 

then 

25 AT(i + 1)-AT(i)>0 

Also, 

30 AT(i + 1) = T(i + 2)-T(i + 1) 

hence 

35 T (i + 2) > T (i) 

[0037] Thus, if 

40 AT(i)>-(P/ji-5) 
then 

45 T (i + 2) > T (i) 

will result even in the absence of any intervention of the other traffics between the (i + 1)* and (i + 2) th packets. In this 
case as well, therefore, a correlation will appear between the measurement packet transmission times. 
[0038] Fig. 5 illustrates a distribution of the i* transmission time T(i) and the (i + 1 )* transmission time T(i + 1 ) in the 
so event that the measurement packet sending speed (P/5) is sufficiently higher relative to the available bandwidth. It can 
be seen from Fig. 5 that dissimilar to the case of Fig. 4 where the measurement packet sending speed is sufficiently 
lower relative to the line available bandwidth, the distribution is asymmetric with respect to the line y = x, with a multi- 
plicity of plotted points lying on the line 
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y = x + (P/u, - 8) 

The asymmetry of the plotted point distribution will also be apparent from the fact that some plotted points are present 
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in a region 32 defined by 



y > x - (P/|i - 5) 

5 

but that no plotted points exist in a region 33 defined by 



y<x + (P/n- 8) 



10 



[0039] In this manner, once the measurement packet sending speed P/5 (bps) exceeds the path available bandwidth 
(u. - 1) (bps), there will appear a correlation between the measurement packet transmission times as in Fig. 5. Thus, 
the line performance estimation method of the present invention includes making a check to see if a correlation as in 
Fig. 5 appears between the measurement time transmission times in order to estimate the relation of magnitude be- 
is tween the measurement packet sending speed P/5 (bps) and the line available bandwidth (u, - 1 ) (bps). 
[0040] The following parameters are used for the estimation of relation of magnitude: 



20 



25 



30 



N (i) =( 
<0 



l ((P/u) - tf + a)<ATi< - (p/jul -6)) 
(otherwise) 

(1) 

2N (i) 



Q = 



n - 1 



where A T (i) = T (I + 1) - T (i), and a is a positive constant which is provided for the exclusion of points lying on the 
line y = x + (P/u. - 5 ) and which is a value of the order of 0.001 to 0.0000001 . 

[0041] Herein, as shown in Fig. 6, the parameter N (i) results in 1 when points plotted by the transmission times T 
(i) and T (i + 1) of adjacent two probing packets lie within a hatched portion 40, but otherwise results in 0. In other 
words, the parameter N (i) = 1 is given when it is considered that the measurement packet exhibits a random behavior 
with a sufficiently lower sending speed relative to the line available bandwidth. Alternatively, the parameter N (i) = 0 is 
given in the event of a larger transmission time difference A T (i) or of a successive queuing of the probing packets 
into the bottlenecked queue. Furthermore, the parameter Q of the expression (1) is a rate of the packet transmission 
time difference A T (i) giving the parameter N (i) = 1 . Thus, in case the rate of the packet transmission time difference 
AT(i) giving the parameter N(i) = 1 is small, the probing packets are influenced by the queuing, with the restricted 
bandwidth. It can thus be estimated that the measurement packet sending speed P/8 exceeds the path available band- 
width (u, - 1) (bps). The estimation of the path available bandwidth using the parameter Q includes making a check to 
see if the parameter Q exceeds a threshold value R, e.g., of the order of 0.8. If 



Q < R 



then the measurement packet sending speed P/8 exceeds the path available bandwidth (n - 1) (bps), that is, 

so 

P/8 > u. - 1 



It is thereby estimated that the measurement packet sending speed P/5 exceeds the available bandwidth (u. - 1) (bps). 
[0042] Fig. 7 illustrates a relation between the parameter Q of the expression (1 ) and the measurement packet 
sending speed X. The measurement results are shown of the relation between the parameter Q for detecting the 
available bandwidth and the measurement packet sending speed X (Mbps) when a load of 5 (Mbps) is exerted on a 
path having a half-duplex link of 10 (Mbps), with the packets reciprocating along the path being sent with varying 
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sending speeds. While the reciprocative available bandwidth of the half-duplex link at that time Is 

(10-5)/2 = 2.5 (Mbps) 

5 

it can be seen from the graph that the parameter Q for the detection of the available bandwidth is sharply decreased 
when the measurement packet sending speed X is in the vicinity of 2 to 3 (Mbps). By using the parameter Q derived 
from the expression (1 ) and the threshold value R in this manner, it is possible to check whether the one-way available 
bandwidth of the network path exceeds the measurement packet sending speed X (bps). The network performance is 
10 iteratively checked by the network performance estimation method of the present invention while varying the meas- 
urement packet sending speed X (bps) by bisection method, whereby the network available bandwidth can be esti- 
mated. The bisection method based estimation is carried out as follows. 

I. With the loop counter A = 1 , set the measurement packet sending speed X (bps) to a predetermined initial value. 
75 The loop count is Z. 

II. A P-bit measurement packet is output at a packet output speed X/P (pps) to see whether the network path 
available bandwidth exceeds the packet sending speed X (bps) at that time. 

III. If the path available bandwidth exceeds the measurement packet sending speed X (bps), then the measurement 
packet sending speed X (bps) can further be increased into 

20 

X = X + X/2 A 

Unless the path available bandwidth exceeds the measurement packet sending speed X (bps), then 

2S 

X = X - X/2 A 

IV. Set the loop counter A to A = A + 1. If the loop counter A is less than the loop count 2, then the procedure 
30 returns to II. If the loop counter A is not less than the loop count Z, then the procedure terminates, allowing the 

vicinity of the measurement packet sending speed X (bps) at that time to result in the path one-way available 
bandwidth. This available bandwidth X (bps) may be represented by the packet output speed X/P (pps). 

[0043] Fig. 8 is a flowchart of the path available bandwidth estimation processing by use of the bisection method. 

35 First in step S1 , initialization is carried out. The contents of the initialization include setting of the loop counter to A = 
1, setting of transfer speed initial set value X (bps) to, e.g., X = 10,000,000 (bps) in case of 10 Mbps transfer speed 
Ethernet, setting of the loop count to Z = 8, setting to R = 0.8 of the threshold value for use in the judgement of the 
parameter Q for judging whether the measurement packet is queued in the router, setting to n = 11 of the number of 
packets to be output on a loop-to-loop basis, and setting of the measurement packet size to P = 12,000 (bit). Then in 

40 step S2, n = 1 1 probing packets having the size of P (bit) are sent at a packet output speed X/P (pps) indicative of the 
number of packets output per unit time, to measure the transmission time T(1 ), T(2), ... T(n) from the start of sending 
up to the completion of reception. Then the procedure advances to step S3, in which the difference A T in the trans- 
mission time between the adjacent probing packets is figured out based on the expression (1 ), to obtain the parameter 
N (i) and thereafter the parameter Q. Then in step S4, a check is made to see if the parameter Q acquired in step S3 

45 is less than the threshold value R = 0.8. If the parameter Q is not less than the threshold value R, then the measurement 
packet sending speed X (bps) is less than the path available bandwidth, allowing the sending speedX (bps) to be 
increased. Thus, in step S5, the measurement packet sending speed X (bps) is increased in compliance with the 
bisection method. On the contrary, if the parameter Q is less than the threshold value in step S4, then the measurement 
packet sending speed X (bps) exceeds the path available bandwidth, so that in step S6 the measurement packet 

so sending speed is reduced in compliance with the bisection method. Then in step S7 the loop counter A is incremented 
by one, after which in step S8 a check is made to see if the value of the loop counter A is less than the loop count Z 
= 8 set in step S1 . If it is less than 8 times, then the procedure returns to step S2 to repeat the same processing. After 
the completion of eight-times measurement packet sending processing, the procedure goes to step S9, in which it is 
estimated that the measurement packet sending speed X (bps) acquired at that time is the path one-way available 

55 bandwidth. 

[0044] The path available bandwidth estimation according to the present invention could make use of regula falsi. 
The regular falsi is a solution to the algebraic equation for finding a value B a B giving f (a) = 0 with respect to a function 
f (X) and includes the following procedures. 
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I. Select initial values of variables X1 , X2 so as to give f (X1 ) ^ 0, f (X2) > 0. 

II. Join two points {X1 , f(X1 )}, {X2, f (X2)} on a X-Y plane by a line L1 . 

III. Locate the intersection between the X-axis and the line L1 at (X3, 0). 

IV. f (X1 ) x f (X2) < 0, hence f (X3) is equal in sign to either f (X1 ) or f (X2). If f (X3) x f (X1 ) > 0, then X3 is substituted 
5 for X1 , whereas if f (X3) x f (X2) < 0, then X3 is substituted for X2, and the operation II and subsequent operations 

are iterated. This allows X1 and X2 to gradually converge toward the value "a". 

[0045] Figs. 9A and 9B are flowcharts of the performance judgement processing for finding the available bandwidth 
by use of the regula falsi. First in step S1, initialization is carried out. The contents of the initialization includes, in 

10 addition to the parameters of the bisection method shown in Fig. 8, parameters proper to the regula falsi, i.e., X1 = 0, 
Y1 =0.5 and X2 being the measurement range maximum value (bps) . The measurement range maximum value is a 
value below which the available bandwidth is found to lie with respect to the path to be measured. In the case of 
Ethernet of 10 (Mbps) transfer speed for example, X2 is set to 10,000,000. The loop count Z is 8 for example. Further- 
more, the threshold value R for judging whether the measurement packet is queued the router is set to approx. 0.8. 

15 Then in step S2, n = 11 probing packets of P-bit size are issued at the packet output speed X2/P (pps) so that the 
transmission times T(1), T(2) ... T(n) are measured for each measurement packet. Then in step S3, the parameter N 
(i) is derived from the difference AT(i) in the transmission time between the adjacent probing packets on the basis of 
the expression (3), to eventually obtain the parameter Q. The parameter Q results in Y2 corresponding to the meas- 
urement packet sending speed X2. Then in step S4, let (X3, 0) be the coordinate of the intersection between the X- 

20 axis and a line obtained by translating the line passing through the coordinates (X1 , Y1 ) and (X2, Y2) on the X-Y plane 
by - R in the Y-axis direction, then 



X3 = X1 - (X1 - X2) (Y1 - R) / (Y1 - Y2) 

25 

Then in step S5, N = 11 P-bit probing packets are issued at the newly obtained packet output speed X3/P (pps) to 
measure the transmission times T(1), T(2), ... T(n). Then in step S6, there are figured out based on the expression (1) 
thedifference A T(i) in the transmission time between the adjacent probing packets, the parameter N(i) and the param- 
eter Q, whereupon the parameter Q at that time results in Y3 corresponding to the packet sending speed X3. Then in 
30 step S7, if 



(Y1 - R) (Y3 - R) < 0 

then in step S9, X2 = X3 and Y2 = Y 3 are set, whereas if the step S7 is not established, then in step S8 X1 = X3 and 
Y1 = Y3 are set. Then in step S10, the loop counter A is incremented by one, after which in step S11 , the processings 
from the step S4 onward are iterated until the loop counter A reaches the loop count Z = 8. As a result of Z = 8 times 
loop processings, the ultimately obtained measurement packet sending speed X3 (bps) at that time is defined as the 
path available bandwidth in step S1 2. 

[0046] With respect to the characteristics of the measurement packet sending speed X and the parameter Q shown 
in Fig. 7, Fig. 10 specifically depicts the path available bandwidth estimation processing based on the regula falsi of 
Figs. 9A and 9B. The procedure for obtaining the measurement packet sending speed X (bps) giving Q = R (provided 
that R = 0.8) based on the regula falsi is as follows. 

I. If the available bandwidth of the path to be measured is found to be 8.0 (Mbps) or below, first issue the probing 
packets at X2 = 8.0 (Mbps) to obtain the parameter Q1 . 

II. Draw a line L1 through a point (0, 1 ) and a point B (8, Q1 ) and find X1 , the X-coordinate value of the intersection 
C (X1 , R) between the line L1 and a line y = R. Issue the probing packets at this sending speed X1 (Mbps) to find 
the parameter Q2, thereby obtaining a point D (X1 , Q2). 

III. (1 - R) (Q2 - R) > 0, (Q1 - R) > 0, (Q1 - R) (Q2 - R) < 0, hence (Q1 - R) has a different sign from (Q2 - R) . 
Thereby find the intersection E (X2, R) between a line L2 joining a point D (X1, Q2) and the point B (8, Q1) and 
the line y = R. 

IV. Issue the probing packets at the sending speed X2 (Mbps) to find the parameter Q3, thereby obtaining a point 
F (X2, Q3). 

V. (Q2 - R) <Q3 - R) < 0, (Q1 - R) (Q3 - R) > 0, hence (Q2 - R) has a different sign from (Q3 - R). Thereby find the 
intersection between the line y = R and a line not shown joining a point F (X2, Q3) and the point A (X1, Q2). 
Hereinafter, these operations are iterated allowing the measurement packet sending speed to converge at a send- 
ing speed giving Q = R. 
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[0047] Fig. 11 is a flowchart for obtaining the available bandwidth by monotonically increasing the measurement 
packet sending speed. First in step S1 , initialization is carried out. In this initialization, the lower value, 1 ,000 (bps) for 
example is entered as the transfer speed initial value into the measurement packet transmission speed X (bps). The 
increment A X in the measurement packet output speed is for example 1,000 (bps). Furthermore, the threshold value 

s R for judging whether the packet is queued in the router is set to 0.8, the number n of the probing packets to be output 
for each loop is set to 11 , and the size P of the measurement packet is set to 12,000 (bit) . Then in step S2, n = 11 
probing packets each having a size of P (bit) are issued at the packet output speed X/P (pps) to measure the trans- 
mission time T(1), T(2), ... T(n) of each measurement packet. Then in step S3, there are figured out based on the 
expression (1) the difference A T (i) in the transmission time between the adjacent probing packets, the parameters N 

10 (i) and Q. Then in step S4, if the parameter Q is less than the threshold value R, the measurement packet sending 
speed X (bps) is less than the path available bandwidth, and hence in step S5 the measurement packet sending speed 
X (bps) is increased by A X, repeating the processings from step S2 onward. If in step S4 the parameter Q exceeds 
the threshold value R as a result of such a repetition by the increment A X in the measurement packet sending speed 
X, then the measurement packet sending speed X (bps) at that time exceeds the path available bandwidth, thus allowing 

15 the procedure to advance to step S6 in which the measurement packet sending speed X (bps) at that time is defined 
as the path available bandwidth. 

[0048] Fig. 1 2 is a flowchart showing the procedure for obtaining the path available bandwidth by varying the meas- 
urement packet sending speed with monotonic decrease. In the initialization of step S1 , the measurement range max- 
imum value, e.g., 10,000,000 (bps) is set as the initial value of the measurement packet sending speed X (bps). Fur- 

20 thermore, AX = - 1 ,000 is set as the output speed increment AX used for the monotonic decrease. Others are the same 
as the case of the monotonic increase of Fig 1 1 . Then in step S2, n = 11 P-bit probing packets are sent at the packet 
output speed X/P (pps) based on the initialized measurement packet sending speed X (bps), thereby measuring the 
transmission time T(1 ), T(2), ... T(n) of each measurement packet. Then in step S3, there are figured out based on the 
expression (1 ) the difference A T(i) in the measurement packet transmission time between the adjacent probing packets, 

25 the parameter N(i) and the parameter Q. Then in step S4, a check is made to see if the parameter Q is less than the 
threshold value R. In this case, due to the monotonic decrease, the first parameter Q exceeds the threshold value R, 
in other words, the measurement packet sending speed X (bps) at that time exceeds the path available bandwidth, so 
that in step S6 the sending speed X is reduced by the increment A X = - 1000 (bps), allowing the procedure to return 
to step S2 to repeat the similar processings. Due to such a monotonic decrease in the measurement packet sending 

30 speed X (bps), if the parameter Q becomes less than the threshold value R in step S4, then the sending speed (bps) 
which has hitherto exceeded the path available bandwidth will enter the available bandwidth, so that in step S5 the 
measurement packet sending speed X (bps) at that time is defined as the path available bandwidth. 
[0049] Fig. 1 3 illustrates a second embodiment of the network communication performance measuring apparatus in 
accordance with the present invention, which is characterized in that a path passing through a specific router within 

35 the network is designated to measure the path available bandwidth. In cases where the communication apparatus 1 0 
associated with a network is provided with the measurement packet sending unit 16 and where the communication 
apparatus 1 2 is provided with the measurement packet reception unit 22, a path passing through the router 1 2-1 for 
example will be determined by the network if any router is not designated. In contrast with this, the second embodiment 
of the present invention enables the user to designate a path passing through a specific router 12-3. Providing that it 

40 is desired to designate as a path to be measured the path extending from the measurement packet sending unit 16 
through the router 1 2-3 within the network up to the measurement packet reception unit 22, use can be made of e.g., 
the IP packet source routing option. When a measurement packet is sent from the measurement packet sending unit 
16 with the address of a specified router, e.g., the router 12-3 being described on the IP head header as the source 
routing option, the thus sent measurement packet can reach the measurement packet reception unit 22 by way of the 

*s router 12-3 having the specified address. Thus, the measurement target will result in the path extending from the 
measurement packet sending unit 1 6 through the specific router 1 2-3 within the network up to the measurement packet 
reception unit 22. Herein, the upper limit of the number of the routers capable of being set by the source routing option 
is seven. This is the same as the first embodiment shown in Figs. 1 to 12 with the exception of designation of the path 
passing through a specific router. 

so [0050] Fig. 14 illustrates a third embodiment of the network communication performance measuring apparatus in 
accordance with the present invention. The third embodiment allows the communication apparatuses 10 and 12 which 
are in close vicinity to each other on the network to include the measurement packet sending unit 1 6, the measurement 
packet reception unit 1 8 and further the performance judgement unit 22. Alternatively, the same communication appa- 
ratus on the network could be provided with the measurement packet sending unit 16, the measurement packet re- 

55 ception unit 18 and the performance judgement unit 22. The measurement target path 14 in this case results in any 
arbitrary path which has a termination ending at the site where the measurement packet sending unit 16 and the 
measurement packet reception unit 18 are located. It is natural that the performance judgment unit 22 could be placed 
not only in the communication apparatus 12 provided with the measurement packet reception unit 18 but also in the 
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communication apparatus 10 provided with the measurement packet sending unit 16 and in any communication ap- 
paratuses on the network communicable to the communication apparatus 12 provided with the measurement packet 
reception unit 18. In the event that the measurement packet sending unit 16 and the measurement packet reception 
unit 18 are located at the same site or at the near sites in this manner, the measurement packet sending unit 16 uses 
as the measurement target path 14 a sending/return path which is turned back at the communication apparatus 12-3 
acting as the terminating node of the measurement target path 1 4 and which finally returns to the measurement packet 
reception unit 18, to thereby estimate a one-way available bandwidth. 

[0051 ] In cases as in Fig. 1 4 where the measurement packet sending unit 1 6 and the measurement packet reception 
unit 18 are located at the same site or the near sites and where it is desired to measure the performance of the sending/ 
return path from this site up to a certain specified router (e.g., the communication apparatus 12-3), the measurement 
packet sending unit 16 issues a measurement packet whose destination address is appointed to the router 12-3. The 
probing packets for use in this purpose can be UDP packets or icmp echo packets. In the event of using the UDP 
packets, the measurement packet sending unit 16 delivers the UDP packets to a seventh port of the router 12-3. The 
seventh port of the router 12-3 is called an echo port, the packet sent to the echo port being returned intactly to the 
sender. In case the router 12-3 receives the temp echo packet as well, the latter is returned to the sender. In the event 
of using the icmp echo packet, use can be made of "ping" which is an indication in UNIX or the like. In either case of 
the UDP packet or the icmp echo packet, the packet sent from the measurement packet sending unit 16 is returned 
by the router 1 2-3 and is received by the measurement packet reception unit 18. 

[0052] Fig. 1 5 is a function block diagram of the third embodiment of Fig. 1 4. In this third embodiment, similar to the 
first embodiment, the network communication performance measuring apparatus is constituted of the measurement 
packet sending unit 16, the measurement packet reception unit 18, and the performance judgment unit 22 which in- 
cludes the data collection unit 26, the transmission time measurement unit 28 and the line performance estimation unit 
30. The difference from the first embodiment lies in that a measurement packet 32 is sent from the measurement packet 
sending unit 1 6 to a terminal node 46 of the network path to be measured, with a measurement packet 34 being returned 
to the measurement packet reception unit 18, to thereby measure the performance of the reciprocative path. 
[0053] Following is a further detailed description. In Fig. 1 5, now let U, V and W be the measurement packet sending 
unit 16, the measurement packet reception unit 18 and the router 12-3 resulting in the terminal node on the network, 
then measurement can be made of the available bandwidth of a path U-W-V. By utilizing the measurement of the 
available bandwidth of the reciprocative path U-W-V, the one-way available bandwidth of the path, i.e., U-V path avail- 
able bandwidth is measured by the following techniques. In first measurement processing, the measurement packet 
sending unit 16, the measurement packet reception unit 18 and the performance judgment unit 22 estimate the path 
U-W-V available bandwidth B1 (bps) using a P-bit UDP packet as a measurement packet. In this case, the UDP packet 
for use in the measurement packet is of a size of 4993 bits or more including the header, with the data portion of 4609 
bits or more. Then in second estimation processing, the UDP packet having the same size P (bit) as in the first estimation 
processing is used as the measurement packet, with the Time-To Live (TTL) of the UDP packet being set to the number 
equal to the hop count of the path 14 to be measured, and with a "icmp time exceeded error" being returned as the 
return from the router 12-3, to thereby allow the path U-W-V available bandwidth B2 (bps) to be estimated by the 
measurement packet sending unit 16, the measurement packet reception unit 18 and the performance judgment unit 
22. In this case, the hop count of the UDP packet sent as the measurement packet is set to the number obtained by 
adding 1 to the number of the routers 12-1 and 12-2 located before reaching the terminal end router 12-3. That is, the 
hop count = 2 + 1 = 3. If this hop count is set as the UDP packet Time-To-Live (TTL), the TTL is 3 upon the sending 
from the measurement packet sending unit 16 and is decreased by one every time passing through the routers 12-1 
to 12-3, with the result that when reaching the router 12-3, TTL becomes 0 allowing the router 12-3 to be a terminal 
end, to return an error packet in the form of "icmp time exceeded error". The "icmp time exceeded error" packet is of 
a size of 4992 bits including the header, which is smaller than the 4993-bit or more UDP packet sent form the meas- 
urement packet sending unit 16. Furthermore, a true value of the one-way available bandwidth of the path 14 to be 
measured is set to Bt (pbs). 

[0054] For such the first and second estimation processings, the following techniques are used to estimate one-way 
path U-W available bandwidth. 

[0055] First, let 5 1 (sec) and 5 2(sec) be the final measurement packet sending interval in the first estimation process- 
ing and the final measurement packet sending interval in the second estimation processing, respectively, then 

P/81 = B1 



P/8 2 = B2 
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Provided that the half-duplex link contained in the path 14 to be measured is bottlenecking and that its one-way path 
U-W available bandwidth is Bt (bps), then Bt-X (bps) traffic can exist through the return path at the same time when X 
(bps) traffic exists through the sending path. That is, the total traffic when the packets flow through the sending path 
and the return path at the same time is given as the sum of the both, which results in the true available bandwidth Bt 
(bps) . Accordingly, in the first and second estimation processings, the relation for the half-duplex link 

(the number of probing packets flowing through the sending path) + (the number of probing packets flowing 
through the return path) = available bandwidth can be given in expressions as 

P/8 1 + P/5 1 = Bt 



P/5 2 + 4992/5 2 = Bt 

15 [0056] From these expressions, 

5 2/8 1= B1/B2 = (P + 4992) / 2P 

20 is obtained. Therefore, if the relation between the measurement result B1 of the first estimation processing and the 
measurement result B2 of the second estimation processing is expressed as 

B1/B2 = (P + 4992)/2P 

25 

then it is judged that the half-duplex link within the path 14 to be measured is bottlenecking. If it has been judged in 
this manner that the half-duplex link within the path 14 to be measured is bottlenecking, then the one-way path U-W 
available bandwidth Bt (bps) becomes double the reciprocative path U-W-V available bandwidth B1 (bps), and hence 

30 

Bt = 2B1 

can be estimated. Alternatively, in the case of other than the condition 

35 

B1/B2=(P + 4992)/2P 

in other words, if any half -duplex link within the path 1 4 to be measured is not bottlenecking or no half -duplex link exists 
within the path, then the one-way path U-V available bandwidth Bt (bps) is equal to the reciprocative path U-W-V 
40 available bandwidth B1 (bps), with the result that 

Bt = B1 

45 can be estimated. 

[0057] Fig. 16 is a flowchart of the performance measurement processing for the reciprocative path in the third em- 
bodiment of Fig. 14. In the first estimation step of step S1 , the reciprocative path U-W-V available bandwidth B1 (bps) 
is estimated by the techniques of the first embodiment as shown in Figs. 2 to 12 by use of the probing packets of size 
P (bit). Then in the second estimation step of step S2, the P-bit measurement packet is sent through the sending path, 

so with an error packet of a smaller size of 4992 bits being returned through the return path, to estimate the reciprocative 
path U-V-W available bandwidth B2 (bps). The next steps S3, S4 and S5 provide the third estimation step. First in step 
S3, a check is made to see if the ratio (B1/B2) of the available bandwidths B1 and B2 acquired in the first and second 
estimation steps is substantially equal to (P + 4992) / R If equal, the procedure goes to step S4 in which it is judged 
that any half-duplex link exists within the path and makes a bottleneck, allowing the one-way available bandwidth Bt 

55 (bps) in this case to be estimated as B1 (bps). 

[0058] Furthermore, the present invention provides a computer readable record medium having a network commu- 
nication performance measurement program stored therein. The network communication performance measurement 
program of this record medium is provided with functions of each unit shown in Figs. 1 to 16 in the form of program 
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modules. This record medium can be e.g., a removable, transportable storage medium such as a CD-ROM or a floppy 
disk, a storage device of program providers who provide programs through lines, and a memory device such as a RAM 
or a hard disk of the program installed processor. The program provided by the record medium is loaded into the 
processor and is run on its main memory. 

[0059] According to the present invention as set forth hereinabove, it is possible to precisely estimate the path avail- 
able bandwidth with a sufficient accuracy by sending and receiving a small number of probing packets. This enables 
the network performance to be estimated in a brief period of time without imparting any excess load on the network 
through sending of a multiplicity of probing packets. In the event of Treno" which is a TCP available bandwidth meas- 
urement tool for example, 10,000 or more packets may be used for 20 sec. measurement. On the contrary, the present 
invention makes use of bisection method or reguta falsi for the estimation of the available bandwidth whereby if 20 
packets are issued for a single loop so that the available bandwidth is estimated through eight times looping, then the 
measurement is possible by only 160 packets in total, allowing the network performance to be estimated in a brief 
period of time without imparting any excess load on the network. Also, the TCP available bandwidth measurement tool 
"Treno" requires the time enough to repeat the sending and reception of the packets to simulate the behavior of the 
TCP and enough to vary the window size, this measurement time being at least 10 to 60 seconds. On the contrary, 
the present invention achieves a rapid measurement of the order of several seconds by using the bisection method or 
the regula falsi for the estimation of the available bandwidth. Furthermore, the present invention utilizes the correlation 
of the transmission time between the adjacent probing packets among a plurality of probing packets, thereby achieving 
measurement results less influenced by disturbance arising from other traffics. 

[0060] Although the above embodiment has been related by way of example to the case of use of the UDP packets 
or the icmp echo packets as the probing packets, any other appropriate packets may be used as the probing packets. 
It is to be appreciated that the present invention is not limited by the numerical values indicated in the above embod- 
iments. Furthermore, the present invention can include any modifications and variants without departing from its spirit 
and object and without impairing advantages thereof. 



Claims 

1. A method of measuring network communication performances, comprising: 

a sending step for sending a plurality of probing packets at equi-intervals into a network path; 
a reception step for receiving said plurality of probing packets; 

a measurement step for measuring transmission time from the start of sending of each of said probing packets 
in said sending step up to the completion of reception of each of said probing packets in said reception step; and 
an estimation step for estimating an available bandwidth of said network path from correlations between meas- 
urement packet transmission times measured in said measurement step. 

2. A method according to claim 1 , wherein 

said estimation step includes estimating the relation of magnitude in available bandwidth between said meas- 
urement packet sending speed and said path, from said correlation between measurement packet transmission 
times. 

3. A method according to claim 2, wherein 

said estimation step includes determining a ratio of the time during which said measurement packet trans- 
mission time exhibits a random behavior and judging, if said ratio is large and therefore said measurement packet 
is considered to be less influenced by queuing, that the sending speed of said measurement packet is smaller 
than the available bandwidth of said path, to thereby estimate the relation of magnitude in available bandwidth 
between said measurement packet and said path. 

4. A method according to claim 3, wherein 

said estimation step includes finding a ratio giving 

(P/u, - 5 + a) < A T(i) < - (P/u, - 8) 

where P (bit) is a size of said measurement packet, 5 (sec) is a measurement packet sending interval, u, (bps) 
is a bottleneck link speed on a path to be measured, a is a constant of the order of 0.001 to 0.0000001 , and 
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A T(i) is a difference in transmission time between adjacent probing packets, which is defined as ((i + 1 ) ,h 
measurement packet transmission time) - (I th measurement packet transmission time); 
said estimation step including judging, if said ratio is large with the consideration of said probing packets being 
less influenced by queuing, that said measurement packet sending speed is smaller than the path available 
bandwidth, to thereby estimate the relation of magnitude in available bandwidth between said measurement 
packet and said path. 

A method according to claim 1 , wherein 

said sending step, said reception step, said measurement step and said estimation step are iteratively carried 
out while varying an initialized transfer speed X (bps) by use of any one of bisection method, regula falsi, monot- 
onically increasing method and monotonically decreasing method, to see whether an available bandwidth of a 
network path exceeds said transfer speedX (bps) to thereby estimate said available bandwidth of said path. 

A method according to claim 5, further comprising: 

a first estimation step for estimating a first available bandwidth of said network path by the execution of said 
sending step, said reception step, said measurement step and said estimation step; 
a second estimation step for estimating a second available bandwidth of said network path by allowing differ- 
ently sized packets to flow through its sending path and return path by the execution of said sending step, 
said reception step, said measurement step and said estimation step; and 

a third estimation step for estimating a one-way available bandwidth of said network path by judging the state 
of links within said network path through the comparison of said first and second available bandwidths esti- 
mated in said first and second estimation steps. 

A method according to claim 7, wherein 

said third estimation step includes judging whether any half-duplex link exists within said network path and 
whether said half-duplex link, if any, is bottlenecking therewithin; 
said third estimation step including, if judgment is made of any one of 

a) any half-duplex link exists and is bottlenecking within said path; 

b) any half-duplex link exists but is not bottlenecking within said path; and 

c) no half -duplex link exists within said path; estimating a one-way available bandwidth of said half-duplex 
link. 

A method according to claim 7, wherein 

said third estimation step includes, if a ratio between said first available bandwidth B1 and said second available 
bandwidth B2 which are estimated with said measurement packet having a size P not less than 4,993 bits is 
substantially 

B1/B2 = (P + 4,992) /2P 

judging that any half-duplex link exists and is bottlenecking within said network, to thereby make a judgment 
that 2B1 double said first available bandwidth B1 is a one-way available bandwidth of said path; and wherein 
said third estimation step includes, if 

B1/B2 * (P + 4,992) /2P 

judging that any half-duplex link exists but is not bottlenecking within said network path or that no half-duplex 
link exists within said network path, to thereby make a judgment that said first available bandwidth B1 is a 
one-way available bandwidth of said path. 

A method of measuring network communication performances, comprising: 

a sending step for sending a plurality of probing packets at equi-intervals into a network path, said plurality of 
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probing packets being designed to reach a predetermined reception site by way of a single or a plurality of 
predetermined node(s); 

a reception step for receiving said plurality of probing packets at said predetermined reception site; 
a measurement step for measuring transmission time from the start of sending of each of said probing packets 
in said sending step up to the completion of reception of each of said probing packets in said reception step; and 
an estimation step for estimating a relation of magnitude between a measurement packet sending speed and 
a path available bandwidth, from correlations between said measurement packet transmission times measured 
in said measurement step. 

10. A method according to claim 9, wherein 
said estimation step includes determining a ratio of the time during which said measurement packet trans- 
mission time exhibits a random behavior and judging, if said ratio is large and therefore said measurement packet 
is considered to be less influenced by queuing, that the sending speed of said measurement packet is smaller 
than the available bandwidth of said path, to thereby estimate the relation of magnitude in said available bandwidth 
between said measurement packet and said path. 

11. A method according to claim 10, wherein 
said estimation step includes finding a ratio giving 

(P/u, - 5 + a) < A T(i) < - (P/ji - 8) 

where P (bit) is a size of said measurement packet, 8 (sec) is a measurement packet sending interval, [i (bps) 
is a bottleneck link speed on a path to be measured, a is a constant of the order of 0.001 to 0.0000001 , and 
A T(i) is a difference in transmission time between adjacent probing packets, which is defined as ((i + 1 ) th 
measurement packet transmission time) - (i ,h measurement packet transmission time); 
said estimation step including judging, if said ratio is large with the consideration of said probing packets being 
less influenced by queuing, that said measurement packet sending speed is smaller than said path available 
bandwidth, to thereby estimate the relation of magnitude in available bandwidth between said measurement 
packet and said path. 

12. A method according to claim 9, wherein 

said sending step, said reception step, said measurement step and said estimation step are iteratively carried 
& out while varying an initialized transfer speed X (bps) by use of any one of bisection method, regula falsi, monot- 

onicaliy increasing method and monotonically decreasing method, to see whether an available bandwidth of a 
network path exceeds said transfer speed X (bps) to thereby estimate said available bandwidth of said path. 

13. A method according to claim 12, further comprising: 

40 

a first estimation step for estimating a first available bandwidth of said network path by the execution of said 
sending step, said reception step, said measurement step and said estimation step; 
a second estimation step for estimating a second available bandwidth of said network path by allowing differ- 
ently sized packets to flow through its sending path and return path by the execution of said sending step, 
45 said reception step, said measurement step and said estimation step; and 

a third estimation step for estimating a one-way available bandwidth of said network path by judging the state 
of links within said network path through the comparison of said first and second available bandwidths esti- 
mated in said first and second estimation steps. 

50 14. A method according to claim 1 3, wherein 

said third estimation step includes judging whether any half-duplex link exists within said network path and 
whether said half-duplex link, if any, is bottlenecking therewithin; 
said third estimation step including, if judgment is made of any one of 

55 

a) any half-duplex link exists and is bottlenecking within said path; 

b) any half-duplex link exists but is not bottlenecking within said path; and 

c) no half-duplex link exists within said path; estimating a one-way available bandwidth of said half-duplex 
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link. 

15. A method according to claim 13, wherein 

s saidthird estimation step includes, it a ratio bet ween said first available bandwidth B1 and said second available 

bandwidth B2 which are estimated with said measurement packet having a size P not less than 4,993 bits is 
substantially 

10 B1/B2 = (P + 4,992) /2P 

judging that any half-duplex link exists and is bottlenecking within said network, to thereby make a judgment 
that 2B1 double said first available bandwidth B1 is a one-way available bandwidth of said path; and wherein 
said third estimation step includes, if 



75 



B1/B2 * (P + 4,992) /2P 



judging that any half-duplex link exists but is not bottlenecking within said network path or that no half-duplex 
20 link exists within said network path, to thereby make a judgment that said first available bandwidth B1 is a 

one-way available bandwidth of said path. 

16. A method of measuring network communication performances, comprising: 

25 a sending step for sending a plurality of probing packets at equi-intervals into a network path; 

a reception step for receiving said plurality of probing packets at the same site on a network from which said 
probing packets are issued in said sending step or at the near site on said network; 
a measurement step for measuring transmission time taken for said probing packets to arrive via a path at 
and return via the path from a specific node within said network determined by the user; and 
an estimation step for estimating a relation of magnitude between a measurement packet sending speed and 
an available bandwidth in reciprocation of said path, from correlations between said measurement packet 
transmission times measured in said measurement step. 
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17. A method according to claim 16, wherein 

said estimation step includes finding a ratio giving 
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(P/\x - 8 + a) < AT(i) < - (P - 5) 

where P (bit) is a size of said measurement packet, 8 (sec) is a measurement packet sending interval, u. (bps) 
is a bottleneck link speed on a path to be measured, a is a constant of the order of 0.001 to 0.0000001 , and 
A T(i) is a difference in transmission time between adjacent probing packets, which is defined as ((i + 1 ) lh 
measurement packet transmission time) - (I th measurement packet transmission time); 
said estimation step including judging, if said ratio is large with the consideration of said probing packets being 
less influenced by queuing, that said measurement packet sending speed is smaller than said path available 
bandwidth, to thereby estimate the relation of magnitude in available bandwidth between said measurement 
packet and said path in reciprocation. 

so 18. A method according to claim 16, wherein 

said sending step, said reception step, said measurement step and said estimation step are iterativefy carried 
out while varying an initialized transfer speed X (bps) by use of any one of bisection method, regula falsi, monot- 
onically increasing method and monotonically decreasing method, to see whether an available bandwidth of a 
network path exceeds said transfer speed X (bps) to thereby estimate said available bandwidth of said path. 

19. A method according to claim 18, further comprising: 

a first estimation step for estimating a first available bandwidth of said network path by the execution of said 
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sending step, said reception step, said measurement step and said estimation step; 
a second estimation step for estimating a second available bandwidth of said network path by allowing differ- 
ently sized packets to flow through its sending path and return path by the execution of said sending step, 
said reception step, said measurement step and said estimation step; and 
5 a third estimation step for estimating a one-way available bandwidth of said network path by judging the state 

of links within said network path through the comparison of said first and second available bandwidths esti- 
mated in said first and second estimation steps. 

20. A method according to claim 19, wherein 

10 

said third estimation step includes judging whether any half-duplex link exists within said network path and 
whether said half-duplex link, if any, is bottlenecking therewithin; 
said third estimation step including, if judgment is made of any one of 

75 a) any half-duplex link exists and is bottlenecking within said path; 

b) any half-duplex link exists but is not bottlenecking within said path; and 

c) no half-duplex link exists within said path; estimating a one-way available bandwidth of said half-duplex 
link. 

20 21. A method according to claim 1 9, wherein 

said third estimation step includes, if a ratio between said first available bandwidth B1 and said second available 
bandwidth B2 which are estimated with said measurement packet having a size P not less than 4,993 bits is 
substantially 

25 

B1/B2=(P+ 4,992) /2P 

judging that any half-duplex link exists and is bottlenecking within said network, to thereby make a judgment 
30 that 2B1 double said first available bandwidth B1 is a one-way available bandwidth of said path; and wherein 

said third estimation step includes, if 



B1/B2 *(P + 4,992) /2P 

35 

judging that any half-duplex link exists but is not bottlenecking within said network path or that no half-duplex 
link exists within said network path, to thereby make a judgment that said first available bandwidth B1 is a 
one-way available bandwidth of said path. 

40 22. An apparatus for measuring network communication performances, comprising: 

a sending unit for sending a plurality of probing packets at equi-intervals into a network path; 
a reception unit for receiving said plurality of probing packets sent from said sending unit; 
a measurement unit for measuring transmission time from the start of sending of each of said probing packets 
45 by said sending unit up to the completion of reception of each of said probing packets by said reception unit; and 

an estimation unit for estimating an available bandwidth of said network path from correlations between meas- 
urement packet transmission times measured by said measurement unit. 

23. An apparatus for measuring network communication performances, comprising: 

so 

a sending unit for sending a plurality of probing packets at equi-intervals into a network path, said plurality of 
probing packets being designed to reach a predetermined reception site by way of a single or a plurality of 
predetermined node(s); 

a reception unit located at said predetermined reception site, for receiving said plurality of probing packets 
55 sent from said sending unit; 

a measurement unit for measuring transmission time from the start of sending of each of said probing packets 
by said sending unit up to the completion of reception of each of said probing packets by said reception unit; and 
an estimation unit for estimating a relation of magnitude between a measurement packet sending speed and 
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a path available bandwidth, from correlations between said transmission times of adjacent said probing packets 
measured by said measurement unit. 

24. An apparatus for measuring network communication performances, comprising: 

5 

a sending unit for sending a plurality of probing packets at equi-intervals into a network path; 
a reception unit located at the same site on a network where said sending unit is located or at the near site 
on said network, for receiving said plurality of probing packets sent from said sending unit; 
a measurement unit for measuring transmission time taken for said probing packets to arrive via a path at and 
io then return via the path from a specific node within said network determined by the user; and 

an estimation unit for estimating a relation of magnitude between a measurement packet sending speed and 
an available bandwidth in reciprocation of said path, from correlations between said measurement packet 
transmission times measured by said measurement unit. 

15 25. An apparatus according to any one of claims 22 to 24, wherein 

processings of said sending unit, said reception unit, said measurement unit and said estimation unit are 
iteratively carried out while varying an initialized transfer speed X (bps) by use of any one of bisection method, 
regula falsi, monotonically increasing method and monotonically decreasing method, to see whether an available 
bandwidth of a network path exceeds said transfer speed X (bps) to thereby estimate said available bandwidth of 

20 said path. 

26. An apparatus according to claim 25, further comprising: 

a first estimation unit for estimating a first available bandwidth of B1 said network path by the execution of 
25 processings of said sending unit, said reception unit, said measurement unit and said estimation unit; 

a second estimation unit for estimating a second available bandwidth B2 of said network path by allowing 
differently sized packets to flow through its sending path and return path by the execution of said sending unit, 
said reception unit, said measurement unit and said estimation unit; and 

a third estimation unit for estimating a one-way available bandwidth of said network path by judging the state 
°o of links within said network path through the comparison of said first and second available bandwidths B1 and 

B2 estimated by said first and second estimation units. 

27. An apparatus according to claim 26, wherein 

35 sa'd third estimation unit judges whether any half-duplex link exists within said network path and whether said 

half-duplex link, if any, is bottlenecking therewithin; 
said third estimation unit, if judgment is made of any one of 

a) any half-duplex link exists and is bottlenecking within said path; 
40 b) any half-duplex link exists but is not bottlenecking within said path; and 

c) no half-duplex link exists within said path; estimates a one-way available bandwidth of said half-duplex 
link. 

28. An apparatus according to claim 27, wherein 

45 

said third estimation unit, if a ratio between said first available bandwidth B1 and said second available band- 
width B2 which are estimated with said measurement packet having a size P not less than 4,993 bits is sub- 
stantially 



50 



B1/B2 = (P + 4,992) /2P 



judges that any half-duplex link exists and is bottlenecking within said network, to thereby make a judgment 
that 2B1 double said first available bandwidth B1 is a one-way available bandwidth of said path; and wherein 
55 said third estimation unit, if 



B1/B2 *(P + 4,992) /2P 
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judges that any half -duplex link exists but is not bottlenecking within said network path or that no half-duplex 
link exists within said network path, to thereby make a judgment that said first available bandwidth B1 is a 
one-way available bandwidth of said path. 

5 29. A computer readable record medium having a therein stored network communication performance measuring 
program, wherein 

said network communication performance measuring program comprises: 
a sending module for sending a plurality of probing packets at equi-intervals into a network path; 
10 a reception module for receiving said plurality of probing packets sent from said sending module; 

a measurement module for measuring transmission time from the start of sending of each of said probing 
packets by said sending module up to the completion of reception of each of said probing packets by said 
reception module; and 

an estimation module for estimating an available bandwidth of said network path from correlations between 
15 measurement packet transmission times measured by said measurement module. 

30. A computer readable record medium having a therein stored network communication performance measuring 
program, wherein 

20 said network communication performance measuring program comprises: 

a sending module for sending a plurality of probing packets at equi-intervals into a network path, said plurality 
of probing packets being designed to reach a predetermined reception site by way of a single or a plurality of 
predetermined node(s); 

a reception module located at said predetermined reception site, for receiving said plurality of probing packets 
25 sent from said sending module; 

a measurement module for measuring transmission time from the start of sending of each of said probing 
packets by said sending module up to the completion of reception of each of said probing packets by said 
reception module; and 

an estimation module for estimating a relation of magnitude between a measurement packet sending speed 
and a path available bandwidth, from correlations between said transmission times of adjacent said probing 
packets measured by said measurement module. 

31. A computer readable record medium having a therein stored network communication performance measuring 
program, wherein 

said network communication performance measuring program comprises: 
a sending module for sending a plurality of probing packets at equi-intervals into a network path; 
a reception module located at the same site on a network where said sending module is located or at the near 
site on said network, for receiving said plurality of probing packets sent from said sending module; 
a measurement module for measuring transmission time taken for said probing packets to arrive via a path at 
and then return via the path from a specific node within said network determined by the user; and 
an estimation module for estimating a relation of magnitude between a measurement packet sending speed 
and an available bandwidth in reciprocation of said path, from correlations between said measurement packet 
transmission times measured by said measurement module. 

32. A record medium according to any one of claims 29 to 31 , wherein 
said network communication performance measuring program executes processings of said sending unit, 

said reception unit, said measurement unit and said estimation unit while varying an initialized transfer speed X 
(bps) by use of any one of bisection method, regula falsi, monotonically increasing method and monotonically 
decreasing method, to see whether an available bandwidth of a network path exceeds said transfer speedX (bps) 
to thereby estimate said available bandwidth of said path. 

33. A record medium according to claim 32, wherein 
said network communication performance measuring program further comprises: 

a first estimation module for estimating a first available bandwidth of B1 said network path by the execution 
of processings of said sending module, said reception module, said measurement module and said estimation 
module; 
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a second estimation module for estimating a second available bandwidth B2 of said network path by allowing 
differently sized packets to flow through its sending path and return path by the execution of said sending 
module, said reception module, said measurement module and said estimation module; and 
a third estimation module for estimating a one-way available bandwidth of said network path by judging the 
5 state of links within said network path through the comparison of said first and second available bandwidths 

B1 and B2 estimated by said first and second estimation modules. 

34. A record medium according to claim 33, wherein 

10 said third estimation module judges whether any half-duplex link exists within said network path and whether 

said half-duplex link, if any, is bottlenecking therewithin; 
said third estimation module, if judgment is made of any one of 

a) any half-duplex link exists and is bottlenecking within said path; 
75 b) any half-duplex link exists but is not bottlenecking within said path; and 

c) no half-duplex link exists within said path; estimates a one-way available bandwidth of said half-duplex 
link. 

35. A record medium according to claim 34, wherein 

20 

said third estimation module, if a ratio between said first available bandwidth B1 and said second available 
bandwidth B2 which are estimated with said measurement packet having a size P not less than 4,993 bits is 
substantially 

25 

B1/B2=(P + 4,992) /2P 

judges that any half-duplex link exists and is bottlenecking within said network, to thereby make a judgment 
that 2B1 double said first available bandwidth Bl is a one-way available bandwidth of said path; and wherein 
30 said third estimation module, if 

B1/B2 *(P + 4,992) /2P 

35 judges that any half-duplex link exists but is not bottlenecking within said network path or that no half-duplex 

link exists within said network path, to thereby make a judgment that said first available bandwidth B1 is a 
one-way available bandwidth of said path. 
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EP 1 026 855 A2 



F I G. 1 1 

/ PERFORMANCE^ 
( JUDGMENT I 
y PROCESSING J 



SI- 



INITIAL I ZAT ION 

X=1 000 (TRANSFER SPEED 

INITIALIZATION (bps)) 
AX=1 00 0 (PROB ING PACKET TRANSFER 

SPEED INCREMENT (bps)) 
R=0. 8 (THRESHOLD VALUE) 
n=1 I (NUMBER OF PROBING PACKETS 

TO BE OUTPUT FOR EACH LOOP) 
P=1 2 000 (PROBING PACKET SIZE 
(bi O) 



S2~ 



S3- 





< _ 


SEND P-b i t PRO 
SPEED OF X/P p 
TRANSMISSION T 
• « • . T (n) 


r 

BING PACKET AT 
ps TO MEASURE 
IME T (1), T (2). 


> 


f 


AT (i) = T (i + l) -T (i) 

N m _rH(P/u-$+«) <AT (i) <- (P//U-5)) 
n J l 0 (othe rwi se) 

Q = ZN < f) 
n-1 



S4 




Q<R? 



NO 







YES 


S5- 




> 


t 




S6- 


AVAI LABLE 


BAND X 


bps 




> 





X = X+AX 



( return) 
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F I G. 1 2 



PERFORMANCE 

JUDGMENT 
PROCESS I NG 



Sh 



5 



INITIALIZATION 

X=1 0000000 (TRANSFER SPEED 

INITIALIZATION (bps)) 

AX=-1 00 0 

(PROBING PACKET TRANSFER 
SPEED INCREMENT (bps)) 
R=0. 8 (THRESHOLD VALUE) 
n=11 (NUMBER OF PROBING PACKETS 

TO BE OUTPUT FOR EACH LOOP) 
P=1 2000 (PROBING PACKET SIZE 
(bi t)) 



S2- 



SEND P-bit PROBING PACKET AT 
SPEED OF X/P pps TO MEASURE 
TRANSMISSION TIME T (1) , T (2) , 
• • • . T (n) 



S3- 



AT (i) = T (i+1) -T (i) 

N m „/1«P//«-*+«> <^T (i) <- (P/m-8)) 

vu x 0 (othe rwi se) 
Q _ IN (i) 




S6- X = X+AX I 



S5- AVAILABLE BAND X bps 



(return) 
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LO 



CO 



Geo 




oo 

T 



°< UJ 3 



CO 



UJ 







<HI- 
h-O — 
<UJZ 
QJD 

-J 

O 

O 




tr<uj=> 



to 



CO 



CM 



Z 
tu 



o 

(7) 

< < 



C3^ 



Ui. 

QC 
UJ 



l-l- 
<- 

— ZD 

CO 
UJ 
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F I G. 1 6 



F IRST 
ESTIMATION 
STEP 



GO-AND-RETURN PATH 
PERFORMANCE MEASUREMENT 
PROCESS I NG 



ESTIMATE AVAILABLE 
BANDWIDTH B1 OF SENDING 
/RETURN PATH U-W-V USING 
P-b i t PROBING PACKET 



-SI 



SECOND 
ESTIMATION 
STEP 



SEND P-b it PROBING PACKET 
AND RETURN SMALL-SIZED, 
4992-bit ERROR PACKET TO 
ESTIMATE AVAILABLE 
BANDWIDTH B2 OF SENDING/ 
RETURN PATH U-V-W 



-S2 



THI RD 
EST I MAT I ON 
STEP 




JUDGE THAT HALF-DOUBLE 
LINK IS BOTTLENECK TO 
ESTIMATE AVAILABLE 
BANDWIDTH Bt=2BI 



c 



-S4 



S5~ 



JUDGE THAT HALF- 
DOUBLE LINK IS NOT 
BOTTLENECK OR THAT 
NO HALF-DOUBLE LINK 
IS PRESENT TO 
ESTIMATE AVAILABLE 
BANDWIDTH Bt=B1 



END 
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